
A DNA repair-independent role for alkyladenine DNA
glycosylase in alkylation-induced unfolded
protein response
Larissa Milanoa,b,c,d , Clara F. Charliera , Rafaela Andreguettia, Thomas Coxa, Eleanor Healinge, Marcos P. Thom�ef,
Ruan M. Elliotte , Leona D. Samsong,h, Jean-Yves Massonc,d, Guido Lenzb,f, , Jo~ao Antonio P. Henriquesb,f ,
Axel Nohturffti , and Lisiane B. Meiraa,1

aDepartment of Clinical and Experimental Medicine, Faculty of Health andMedical Sciences, University of Surrey, GU2 7WG Guildford, United Kingdom;
bCenter of Biotechnology, Federal University of Rio Grande do Sul, 91501-970 Porto Alegre, Brazil; cGenome Stability Laboratory, CHU de Quebec Research
Center, HDQ Pavilion, Oncology Axis, Qu�ebec City, QC G1R 3S3, Canada; dDepartment of Molecular Biology, Medical Biochemistry and Pathology, Laval
University Cancer Center, Quebec City, QC G1V 0A6, Canada; eDepartment of Nutritional Sciences, Faculty of Health andMedical Sciences, University of Surrey,
GU2 7XH Guildford, United Kingdom; fDepartment of Biophysics, Federal University of Rio Grande do Sul, 91501-970 Porto Alegre, Brazil; gDepartment of
Biological Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139; hDepartment of Biology, Massachusetts Institute of Technology,
Cambridge, MA 02139; and iMolecular and Clinical Sciences Research Institute, St. George’s University of London, SW17 0RE London, United Kingdom

Edited by SusanWallace, Microbiology &Molecular Genetics, University of Vermont Medical Center, Burlington, VT; received June 25, 2021; accepted January
8, 2022 by Editorial BoardMember James E. Cleaver

Alkylating agents damage DNA and proteins and are widely used
in cancer chemotherapy. While cellular responses to alkylation-
induced DNA damage have been explored, knowledge of how
alkylation affects global cellular stress responses is sparse. Here,
we examined the effects of the alkylating agent methylmethane
sulfonate (MMS) on gene expression in mouse liver, using mice
deficient in alkyladenine DNA glycosylase (Aag), the enzyme that
initiates the repair of alkylated DNA bases. MMS induced a robust
transcriptional response in wild-type liver that included markers of
the endoplasmic reticulum (ER) stress/unfolded protein response
(UPR) known to be controlled by XBP1, a key UPR effector. Impor-
tantly, this response is significantly reduced in the Aag knockout.
To investigate how AAG affects alkylation-induced UPR, the
expression of UPR markers after MMS treatment was interrogated
in human glioblastoma cells expressing different AAG levels. Alkyl-
ation induced the UPR in cells expressing AAG; conversely, AAG
knockdown compromised UPR induction and led to a defect in
XBP1 activation. To verify the requirements for the DNA repair
activity of AAG in this response, AAG knockdown cells were com-
plemented with wild-type Aag or with an Aag variant producing a
glycosylase-deficient AAG protein. As expected, the glycosylase-
defective Aag does not fully protect AAG knockdown cells against
MMS-induced cytotoxicity. Remarkably, however, alkylation-
induced XBP1 activation is fully complemented by the catalytically
inactive AAG enzyme. This work establishes that, besides its enzy-
matic activity, AAG has noncanonical functions in alkylation-
induced UPR that contribute to cellular responses to alkylation.

alkylating agents j unfolded protein response j DNA damage j ER stress j
base excision repair

Organisms are constantly exposed to a variety of stresses
that can result in macromolecular injury and cellular dys-

function (1, 2). Reactive compounds that originate from the
environment or arise from intracellular processes can damage
nucleic acids, proteins, and lipids. Exposure to stress triggers
highly conserved signaling pathways, such as the DNA damage
response (DDR) and endoplasmic reticulum (ER) stress
responses that act to restore homeostasis. Failure of cells and
tissues to properly respond to stress and damage underpins the
pathogenesis of many diseases (2, 3).

Alkylating agents represent an abundant and ubiquitous
family of reactive chemicals that can damage DNA, RNA, and
proteins (4). Sources of alkylating agents include by-products
of metabolism (5) and environmental nitroso-compounds such
as nitrosamines that are present in pollutants and food

preservatives and that have recently been found in common
medications (6–8). Exposure to alkylating agents has been asso-
ciated with cancer, type 2 diabetes, nonalcoholic steatohepatitis,
and neurodegenerative diseases (9, 10). On the other hand,
because they effectively kill dividing tumor cells, alkylating
agents are commonly employed as cancer chemotherapeutic
agents.

Alkylation-induced DNA base lesions are primarily repaired
by the base excision repair (BER) pathway, initiated by the
enzyme alkyladenine DNA glycosylase (AAG, also known as
N-methylpurine DNA glycosylase or MPG) (5). AAG excises
damaged bases from the DNA phosphodiester backbone, gen-
erating an abasic site. Subsequently, an apurinic/apyrimidinic
endonuclease cleaves the phosphodiester backbone at the aba-
sic site, creating a single-strand break (SSB) that contains
30OH and 50deoxyribose-5-phosphate (50dRP) termini. Accu-
rate repair of SSBs that are generated during BER requires
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PARP (poly(ADP ribose) polymerase) (5). PARP binds to
SSBs and is activated, leading to the synthesis of poly(ADP
ribose) chains and the recruitment of the scaffolding protein
XRCC1, DNA polymerase β, and ligase to the SSB. DNA poly-
merase β removes the 50dRP and carries out single-nucleotide
gap filling synthesis. The nicked DNA is then ligated by DNA
ligase I or the XRCC1/Ligase III complex (5, 11). The flux of
intermediates through this pathway must be efficiently coordi-
nated because BER intermediates, such as abasic sites and
SSB, are toxic (12–14). It has been shown that BER flux imbal-
ance due to AAG overexpression exacerbates alkylation toxicity
(15, 16). Moreover, elevated AAG expression has been associ-
ated with poor prognosis in patients with glioblastoma, an
aggressive type of brain cancer often treated with alkylating
agents (17, 18).

While the effects of alkylation on DNA have been well stud-
ied, cellular responses to alkylation-induced protein damage
are still poorly understood. Alkylation treatment of yeast and
mammalian cells induces hallmarks of ER stress, involving the
UPR (19–21). The UPR is an adaptive signal transduction
pathway orchestrated by the ER that is important for the main-
tenance of a functional proteome. A wide range of perturba-
tions can result in ER stress, such as accumulation of unfolded/
misfolded proteins, disturbances in calcium homeostasis, hyp-
oxia, oxidative stress, and viral infections (22). The following
three ER-resident transmembrane proteins initiate the UPR:
inositol-requiring kinase 1 (IRE1), activating transcription fac-
tor 6 (ATF6), and protein kinase-like ER kinase (PERK).
These transducers are negatively regulated by chaperones that
dissociate during ER stress, leading to activation of the UPR
(22). The UPR usually acts as a cytoprotective mechanism, but
chronic ER stress leads to cell death (22). UPR activation was
shown to play a key role in cancer by enabling tumor cells to
tolerate and thrive in a hostile environment of nutrient depriva-
tion, hypoxia, and low pH, which in turn contributes to cellular
transformation, tumor growth, metastasis, and resistance to
chemo/radiotherapy (23).

AAG was shown to be the major DNA glycosylase activity for
the excision of alkylated lesions in mouse liver (24). To better
characterize the outcomes of alkylation damage, we analyzed
gene expression in livers of wild-type and Aag-deficient mice that
had been exposed to the model alkylating agent methylmethane
sulfonate (MMS). Our findings show that alkylation treatment
induces ER stress and the UPR in vivo. Surprisingly, alkylation-
induced expression of ER stress genes was significantly reduced
in Aag�/� livers. To probe the mechanism underlying this rela-
tionship, we employed a panel of human glioblastoma cell lines
expressing different levels of AAG and DNA repair-proficient
and -deficient mouse AAG variants. As in mouse liver, we find
AAG is required for optimal UPR induction after alkylation
treatment in human glioblastoma cells. Moreover, we show that a
repair-defective AAG variant unable to complement alkylation-
induced PARP activation and survival is proficient in the activa-
tion of the bZIP transcription factor X-box binding protein 1
(XBP1), a key regulator of the UPR. This striking result indicates
AAG has noncanonical roles in alkylation-induced UPR induc-
tion. Finally, considering the dual survival or cell death outcome
of the UPR, we also examined the effect of AAG status on cellu-
lar sensitivity to alkylating agents alone or combined with a phar-
macological activator of ER stress.

Results
Aag Is Required for Alkylation-Induced ER Stress Response Medi-
ated by Xbp1 Activation. Alkylating agents activate both the
DDR and the UPR. To explore potential connections between
these pathways, we compared alkylation-induced changes in liv-
ers of wild-type and Aag-deficient mice. Wild-type and Aag�/�

animals, in triplicate, were injected with a mild, nonlethal dose
of the direct acting alkylating agent MMS, and liver tissue was
harvested after 6 h. This MMS dose and time point have been
previously characterized, and for both genotypes, no difference
in liver histology or weights between controls or MMS-treated
cohorts was noted by pathological examination (16).

Following RNA extraction, transcriptome analysis was per-
formed using gene chip arrays. The scale and distribution of
the data on the 12 arrays were comparable (SI Appendix, Fig.
S1A). Changes in expression associated with a fold change of at
least 1.75 (false discovery rate-adjusted P ≤ 0.05) were consid-
ered as significant, and the affected genes were marked for fur-
ther analysis. Only minor differences in gene expression were
observed under control conditions between wild-type and Aag-
deficient liver, indicating that the absence of Aag does not
cause significant stress under basal metabolic conditions (Fig.
1A, SI Appendix, Fig. S1B).

MMS treatment led to substantial differences in gene expres-
sion between wild-type and Aag�/� mice, with 4.7-fold more
genes differentially expressed in wild-type, and with minimal
overlap (Fig. 1B). This indicates that the absence of Aag affects
alkylation-induced gene expression after MMS treatment.

We next performed gene set enrichment analyses using
libraries provided by the Enrichr database (25, 26). As expected
from studies with cultured cells (19–21, 27), genes induced by
MMS in wild-type liver are enriched for gene sets related to
ER stress (Gene Ontology [GO]:0034976, positive false discov-
ery rate [p-FDR] = 8.7E-06) and the UPR (GO:0030968,
p-FDR = 3.2E-05), and we saw overlaps with multiple gene
sets induced by drugs that are known to cause ER stress
(Dataset 2 and SI Appendix, Fig. S2). However, of the 12 ER
stress response genes induced in wild-type, only 2 are also
induced in the Aag�/� liver (Dataset 2). Importantly, genes
induced in an Aag-dependent manner significantly overlap with
genes in the transcriptional network activated by XBP1 (Fig.1
C and D), a transcription factor which promotes the expression
of several ER stress-related genes (22). These networks include
1) genes upregulated in cells expressing a constitutively active
form of Xbp1 (p-FDR = 3E-13; Dataset 2) (28), 2) physical
Xbp1 targets according to mouse liver chromatin immunopre-
cipitation sequencing (ChIP-seq) data (p-FDR = 1.6E-14) (29),
and 3) the Xbp1 transcriptional correlation network (p-FDR =
2.5E-10) (30).

Further supporting a potential role for Xbp1 in alkylation-
induced gene expression, genes that are downregulated follow-
ing MMS treatment are enriched for independent sets of genes
suppressed in cells overexpressing constitutively active Xbp1
(p-FDR = 4.1E-09 to 9.3E-05; Dataset 2) (28, 31). No such
enrichments are seen for genes affected by Aag deficiency
alone, and Fig. 1E shows that XBP1 targets are more highly
induced in wild-type livers than in Aag�/� livers. These data
indicate that MMS induces the expression of Xbp1 targets in
an Aag-dependent manner.

Generation of transcriptionally active XBP1 protein requires
unconventional splicing of its mRNA, a process initiated by the
ER stress-induced endonuclease IRE1α (32). We asked, there-
fore, whether AAG might be required for maximal XBP1 splic-
ing in response to MMS. Experiments were carried out with
T98G cells, which are derived from glioblastoma, a type of can-
cer frequently treated with alkylating chemotherapy agents
(33). MMS induced XBP1 splicing in wild-type T98G cells;
however, when AAG expression and activity were reduced by
RNA interference (RNAi) (SI Appendix, Fig. S3 A–C), XBP1
splicing was substantially diminished (Fig. 1 F and G). Of note,
AAG depletion did not affect cellular viability of T98G cells in
the absence of treatment. Cells transfected with a nonsilencing
control short hairpin RNA (shRNA; shNS) displayed some
XBP1 splicing even in the absence of MMS, which may be due
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to stress caused by the cytomegalovirus (CMV)-driven knock-
down system we employed (Fig. 1F; SI Appendix, Fig. S4). A
time curve of MMS treatment showed that XBP1 splicing
peaked after 4 h, and splicing was reduced in AAG-deficient
cells at all time points up to 24 h (Fig. 1H).

We also compared XBP1 splicing in A172 glioblastoma cells
that express low endogenous levels of AAG, versus A172 cells
stably expressing a green fluorescent protein (GFP)-AAG
fusion protein (SI Appendix, Fig. S3). Differential AAG expres-
sion and activity in these cells were verified by qPCR, immuno-
blotting, and enzyme assay (SI Appendix, Fig. S3 D–F). XBP1
splicing could not be detected in parental A172 cells (Ctrl) or
in A172 cells expressing just GFP, while splicing was effective in
cells expressing GFP-AAG, albeit in a manner that is appar-
ently independent of MMS treatment (SI Appendix, Fig. S4).
The XBP1 splicing observed in the absence of MMS treatment
is likely due to the CMV-driven GFP expression by the expres-
sion vector we employed for these experiments. Nevertheless,
when XBP1 mRNA was analyzed by qPCR, MMS-induced
splicing was detectable in parental A172 and in GFP cells, and
splicing increased about twofold in cells over expressing GFP-
AAG (SI Appendix, Fig. S4).

AAG Modulates Expression of XBP1 Target Genes in Glioblastoma
Cells after Alkylation Treatment. To verify the effects of AAG on
XBP1 activation, we measured the mRNA levels of HSPA5
(BiP/GRP78) and HERPUD1, two prominent markers of ER
stress and known targets of XBP1 (28, 29). In T98G shNS,
which expresses abundant levels of AAG (SI Appendix, Fig.
S3), MMS treatment increases BiP and HERPUD1 mRNA
threefold to fourfold (P < 0.05; P < 0.01), with BiP peaking
after 6 h, while HERPUD1 continued to increase for up to 24
h; in AAG knockdown cells, by contrast, BiP is not induced by
MMS, and HERPUD1 induction is significantly reduced (Fig.

2A). Immunoblotting confirmed that MMS-induced BiP expres-
sion is lower in AAG knockdown cells (Fig. 2B), reaching a
maximum at 6 h (SI Appendix, Fig. S5 A and B). Regulation of
BiP by MMS was also studied in GFP-transfected A172 cells,
which express low levels of endogenous AAG versus cells over-
expressing an AAG-GFP fusion protein. Once again, AAG
expression positively correlated with MMS-dependent BiP
induction; BiP mRNA levels were higher in AAG overexpress-
ing cells than in control cells after MMS treatment at all time
points tested (SI Appendix, Fig. S5C). Western blotting con-
firmed that MMS treatment induced BiP to higher levels in the
AAG overexpressing A172 cells (Fig. 2C). These data further
support the conclusion that MMS triggers an ER stress
response through a pathway involving AAG and XBP1.

The Role of AAG Is Specific for Alkylation-Induced ER Stress. To
gauge whether AAG might be important for other branches of
the UPR, we analyzed the mRNA levels of ATF4 and DDIT3/
CHOP, which are controlled through the PERK and ATF6
pathways (34). Both ATF4 and CHOP were induced by MMS
in control T98G cells, but only ATF4 induction was reduced in
AAG-depleted cells (Fig. 2A).

Next, we asked whether the role of AAG in the UPR is spe-
cific to alkylation damage. To address this question, we ana-
lyzed the effects of the well-studied ER stressor thapsigargin,
which depletes ER Ca2+ by blocking SarcoEndoplasmic Reticu-
lum Calcium (SERCA) ATPases (35). Experiments with T98G
and A172 glioblastoma lines expressing varying levels of AAG
showed that thapsigargin induced splicing of XBP1 (SI
Appendix, Fig. S6A); induced the transcription of BiP, HER-
PUD1, ATF4, or CHOP (SI Appendix, Fig. S6 B–F); and
increased BiP protein expression (SI Appendix, Fig. S6G) in an
AAG-independent manner. These results are consistent with
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the model that AAG affects specifically alkylation-induced ER
stress through a pathway that feeds into the XBP1 and likely
the PERK branches of the UPR.

Evidence for a Noncanonical AAG Role in Alkylation-Induced UPR
Induction. Alkylation DNA damage can affect gene expression by
direct structural hindrance of the transcriptional machinery or
due to activation of the DNA repair pathway. We therefore
assessed whether the DNA repair activity of AAG is required to
activate stress responses. We transfected AAG knockdown shA3
cells with an empty vector (shA3-EV cells), or with plasmids
expressing either wild-type mouse Aag (shA3-WT cells) or an
enzymatically deficient Y147I/H156L double mutant (shA3-MUT
cells). The Y147I/H156L mutant is the mouse equivalent of the
characterized human Y127I/H136L mutant, which is catalytically
inactive despite retaining some ability to bind damaged DNA
(36). Expression of transfected mouse Aag in the human knock-
down cells was possible due to species-specific mismatches in the
sequence targeted by the shA3 shRNA, and mouse Aag expres-
sion was confirmed by Western blotting (Fig. 3A).

Using these cell lines, we first compared the ability of wild-type
and mutant mouse Aag to protect cells from alkylation-induced
cytotoxicity. At the highest MMS concentration, AAG-deficient
shA3-EV cells were more sensitive than parental T98G cells, and
expression of Aag-Y147I/H156L failed to rescue survival relative
to that of cells expressing wild-type Aag (Fig. 3B). To confirm the
complementation of glycosylase activity, we employed a fluores-
cently labeled oligonucleotide complex containing a single hypo-
xanthine as the Aag substrate (labeled “substrate,” SI Appendix,
Fig. S7). Excision of the hypoxanthine base by recombinant AAG
following alkali cleavage by NaOH generates a product of the
expected size (labeled “product”). Using this assay, we can detect
a time and nuclear extract concentration-dependent decrease in
glycosylase activity in AAG knockdown cells compared to control
(Fig. 3C), and this defect is complemented when cells are trans-
fected with wild-type Aag, but not with the Aag-Y147I/H156L
double mutant (Fig. 3 D and E).

AAG-initiated BER leads to the generation of repair inter-
mediates that activate PARP (12). PARP is activated at SSBs to
synthesize a polymer of ADP ribose (PAR) attached to itself plus

other acceptor proteins usually associated with DNA transactions
and shaping cellular outcome to a variety of stress conditions
(16). Thus, we next assessed total cellular PARylation in these cell
lines. Western blot analyses against PAR using total cell lysates
prepared in the presence of a PARG inhibitor showed that MMS
treatment increased total cellular PAR levels in the control cells
T98G and shNS and in the knockdown cells expressing wild-type
Aag, but not in knockdown cells alone or expressing the Aag-
Y147I/H156L double mutant (SI Appendix, Fig. S8). Because the
addition of a PARG inhibitor may also promote PAR accumula-
tion that is unrelated to MMS treatment, we also performed these
experiments in the absence of the PARG inhibitor (Fig. 3 F and
G). Under these conditions, we show that PAR is undetectable in
nonstressed cells and that PAR formation peaks at 15-min post-
MMS treatment, decreasing to background levels 60 min post-
treatment. Once again, PAR levels are increased in control cells
and in the knockdown cells expressing wild-type Aag, but not in
knockdown cells alone or expressing the Aag-Y147I/H156L dou-
ble mutant (Fig. 3 F and G).

Phosphorylation of the histone variant H2AX is a key event
in the DDR following alkylation damage. We previously
showed AAG-initiated BER is necessary for alkylation-induced
γH2AX activation (12). Indeed, we confirm that AAG knock-
down cells show reduced γH2AX foci formation after MMS
treatment (Fig. 3 G and H). Surprisingly, however, we observe
significantly increased levels of γH2AX foci in AAG knockdown
cells complemented with either wild-type Aag or the Aag-
Y147I/H156L double mutant, albeit at reduced levels in the
mutant-complemented cells (Fig. 3 G and H). Together, these
results suggest that despite a repair defect as shown by reduced
glycosylase activity, reduced survival to alkylation, and defective
alkylation-induced PARylation, the mutated Aag-Y147I/H156L
protein retains some ability to induce γH2AX.

Finally, we tested whether the Aag-Y147I/H156L double
mutant could restore the splicing of XBP1 and expression of
other markers of UPR (Fig. 4). Mutant and wild-type mouse
Aag expression restores XBP1 splicing and, at least partially,
other markers of ER stress (Fig. 4 A–D). In AAG knockdown
cells complemented with wild-type Aag, MMS treatment signifi-
cantly induces BiP, HERPUD, and XBP1s, while in AAG knock-
down cells complemented with the Aag-Y147I/H156L double
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Fig. 2. AAG modulates the expression of XBP1 target genes in glioblastoma cells after alkylation treatment. Cells were treated with 2.5 mM MMS or 300 nM
thapsigargin (TG), as indicated. (A) Quantification of BiP, HERPUD, ATF4, and CHOP mRNA levels by qPCR. (B) BiP protein levels in shNS and shA3 cells. (C) BiP pro-
tein levels were detected by immunoblotting. The results are expressed as mean values ± SEM from three independent experiments **P < 0.01, ****P < 0.0001.
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Fig. 3. The mAag Y147I, H156L double-mutant variant is defective in glycosylase activity and alkylation-induced PARylation but retains the ability to induce
γH2AX foci after MMS treatment. (A) Western blot of AAG knockdown shA3 cells stably transfected with plasmids; empty vector (Vctr), expressing wild-type
(WT) and Y147I, H156L double-mutant (MUT) mouse Aag. (B) Cell viability of control and complemented shA3 cells exposed to MMS (0, 60, 120, and 250 μM) for
1 h followed by 24-h incubation in drug-free media. Data were analyzed by two-way ANOVA with Dunnett’s multiple comparisons test. n.s., not significant. (C)
AAG activity was assessed by incubation of 0.25 or 0.5 μg of nuclear extract with a fluorescently labeled hypoxanthine containing oligonucleotide substrate for
increasing times at 37 °C. Reaction products were run on a 15% denaturing polyacrylamide gel and visualized by fluorescence imaging. (D) AAG activity in differ-
ent genotypes was assessed as in C (0.25 μg protein, 1.5 h at 37 °C, n = 4 independent lysates). (E) Fluorometric quantification of D (product band divided by
total). Means were compared by one-way ANOVA. (F and G) Control (Ctrl) and shA3 cells (F) and shA3 cells complemented with wild-type or Y147I/H156L
double-mutant mouse Aag (G) were treated with MMS in the absence of PARG inhibitor and harvested 0, 15, 30, or 60 min after the addition of MMS. Total
PAR levels were examined by Western blotting against PAR. (H and I) Representative immunofluorescence images (H) and quantification (I) of γH2AX foci in con-
trol and complemented shA3 cells exposed to MMS for 1 h followed by 1 h in drug-free media (n = 3; one-way ANOVA). *P < 0.05, **P < 0.01, ****P < 0.0001.
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mutant, significant induction after MMS treatment is seen solely
for XBP1s (Fig. 4A). Strikingly, when analyzed by agarose gel
electrophoresis, AAG knockdown cells expressing the Aag-Y147I/
H156L double mutant display more prominent XBP1 splicing
than cells complemented with wild-type Aag (Fig. 4B). In addi-
tion, to verify that these findings are not limited to mouse Aag,
we show that the XBP1 splicing defect in the AAG knockdown
cells can be fully rescued by transient transfection with
knockdown-resistant wild-type and glycosylase-deficient Y127I/
H136L double mutant human AAG complementary DNAs
(cDNAs) (SI Appendix, Fig. S9). Taken together, these results
strongly suggest that AAG can mediate alkylation-induced XBP1
splicing independently of its glycosylase activity and in a PARP-
independent manner. Indeed, we find that alkylation-induced
XBP1 splicing is unaffected in PARP knockout cells (39) (SI
Appendix, Fig. S10). We thus propose that AAG has a noncanoni-
cal role outside the BER pathway in mediating ER stress induc-
tion in response to alkylation.

AAG-Mediated UPR Induction Plays a Role in Survival to Alkylation.
Activation of the UPR has been proposed as a mechanism
underpinning the glioblastoma response to treatment. UPR
downregulation increases glioblastoma sensitivity to gamma
radiation, etoposide, cisplatin (40–42), and reactive oxygen
species inducers (43). Moreover, UPR-inducing drugs sensi-
tize glioblastoma cells to the alkylating agent temozolomide
(44, 45).

We therefore assessed clonogenic survival following alkyl-
ation treatment in AAG knockdown shA3 cells and in control
T98G cells. AAG knockdown cells had significantly decreased
survival after treatment with MMS (Fig. 5A) or temozolomide
(Fig. 5B). Importantly, cell survival was significantly reduced in
AAG-depleted cells at doses of MMS and temozolomide that
only modestly reduced viability in control cells. That decreased
AAG levels correlate with increased alkylation sensitivity could
be explained by a lower DNA repair capacity (17, 46) but con-
trast with multiple reports linking increased AAG levels with

A
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C

D

Fig. 4. AAG glycosylase activity is not required for alkylation-induced XBP1 splicing. (A) Quantification of BiP, HERPUD, and spliced XBP1 mRNA levels by
qPCR in cells treated with 2.5 mM MMS for 1 h followed by 5-h incubation in drug-free media (n = 3, two-way ANOVA with Dunnett’s multiple compari-
sons test). (B) RT-PCR analysis shows XBP1 splicing in T98G, shNS, and AAG knockdown cells complemented with wild-type or Y147I/H156L double mutant
mouse Aag treated with 0.5 mM MMS for 1 h followed by 1 h in drug-free media. (C) Temporal characterization of BiP protein levels in control and com-
plemented AAG knockdown cells after treatment with 2.5 mM MMS (D) Quantification of BiP protein levels determined by Western blotting in three
independent experiments. BiP results were normalized to α-tubulin and are expressed relative to untreated control (mean ± SEM). *P < 0.05, ***P <
0.001, ****P < 0.0001.
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enhanced alkylation sensitivity (5). Nevertheless, our results
showing that AAG is required for alkylation-induced UPR
induction suggests alkylation sensitivity may not solely depend
on DNA repair but also on the adaptive response induced by
ER stress to promote survival.

To further address the biological relevance of alkylation-
induced ER stress in this model, we next treated the glioblastoma
cell lines with a nontoxic dose of temozolomide (0.2 μM), either
alone or in combination with salinomycin (0.1 μM), an ionophore
agent known to induce ER stress and to activate the UPR leading
to XBP1 splicing and BiP upregulation (37). Salinomycin treat-
ment sensitizes glioblastoma cells to temozolomide, and survival
after temozolomide and salinomycin cotreatment is reduced in
AAG-expressing cells (Fig. 5 C and D). Strikingly, AAG
knockdown protects cells against salinomycin, alone or in combi-
nation with temozolomide, demonstrating that AAG-mediated
UPR induction contributes to cytotoxicity in this cell type.

Finally, we probed the requirements for XBP1 by assessing
whether silencing XBP1 in AAG knockdown and control cells
affects viability to MMS (SI Appendix, Fig. S11). We show that
XBP1 knockdown increases the resistance of control T98G and
shNS cells to MMS, indicating that alkylation-induced XBP1 acti-
vation contributes to cytotoxicity in this system. However, MMS
sensitivity of an AAG XBP1 double knockdown was no greater
than the MMS sensitivity of the single AAG knockdown shA3
cells, suggesting that AAG is required for MMS-induced XBP1
activation that would lead to cell death. The epistasis of the AAG
knockdown over XBP1 suggests that AAG knockdown inactivates
XBP1-dependent alkylation response cellular processes.

Taken together, our data are consistent with the conclusion
that alkylation, signaling through AAG, induces hallmarks of
an ER stress response. Whether this cascade results in cell
death is likely to depend on signal strength and timing, cell
type, and physiological context (34).

Discussion
Cancer chemotherapy relies on DNA damage induction by
reactive compounds that are often also proteotoxic, thus
increasing focus has been placed on the potential intersection
between the UPR and genome damage response pathways. The
present work uncovers a role for AAG, a DNA repair enzyme,
in the activation of the UPR in response to alkylating chemo-
therapeutic agents. We show here that alkylation treatment
activates the UPR both in mouse liver and glioblastoma cells.
We find that AAG modulates alkylation-induced UPR in a
mechanism involving XBP1 splicing. Crucially, our results sug-
gest this modulation does not depend on the DNA repair activ-
ity of AAG.

Alkylating agents target a variety of cellular macromolecules,
including proteins. Although our study in the mouse liver
examines alkylation-induced transcriptional reprogramming in
repair-deficient mice, they are mirrored by studies in Saccharo-
myces cerevisiae that similarly showed transcriptional induction
of the UPR by alkylation treatment (19, 38). Finally, UPR
induction was shown to be important for alkylation survival in
Drosophila, murine, and human cell models (21, 27). Our work
now shows that alkylation induces the UPR through a pathway
that involves AAG and XBP1.

Upregulation of UPR markers has been detected in glioblas-
toma and other cancer types, with implications for cancer pro-
gression and response to therapy. The IRE1α/XBP1 branch of
the UPR has been implicated in glioblastoma prognosis (47),
potentially by promoting glioma infiltration and motility
through the modulation of proangiogenic and proinflammatory
chemokines (48, 49). While our results support a role for the
IRE1α/XBP1 branch in alkylation-induced UPR, we cannot
rule out the participation of other UPR branches, namely,
PERK and ATF6. ATF6 reportedly affects glioblastoma devel-
opment and radiotherapy resistance (40), while PERK is
important for glioblastoma growth and survival (41). Given the
importance of the UPR in cancer, a better understanding of
how AAG affects alkylation-induced UPR could advance
efforts for therapeutically targeting ER stress/UPR in cancer.

Our gene expression analyses in the MMS-treated mouse
liver show that the transcriptional response to alkylation treat-
ment is profoundly reduced in the absence of Aag. Besides the
enrichment for ER stress/UPR-related transcripts and the over-
lap with multiple gene sets induced by ER stress-inducing drugs
(SI Appendix, Fig. S2), we find that genes induced by MMS in
wild-type liver also significantly overlap with single gene pertur-
bations associated with specific biological phenotypes related to
ER redox homeostasis (overexpression of ERO1L), UPR
(H6pd knockout), and recovery from inflammation and toxicity
(Socs3, Mat1a, and Txnrd1 knockouts) (Dataset 2). In contrast,
Aag-deficient mice do not exhibit alterations in the expression
of these markers of tissue injury. This is consistent with previ-
ous work showing that Aag knockout protects from alkylation-
induced cell death (16), and with a role for Aag in promoting
alkylation-induced tissue injury.

AAG-mediated alkylation-induced toxicity is rescued in ani-
mals that lack Parp-1 (16). It is thought that AAG-initiated
BER followed by DNA strand cleavage induces PARP-1 activa-
tion that results in tissue damage by depleting cells of energy,
which leads to necrosis. It is not clear whether AAG-mediated
UPR is an additional pathway of cell death induction that con-
tributes to alkylation-induced tissue damage. Nevertheless, our
results suggest PARP-1 activation is not necessary for AAG-
mediated UPR, at least as it relates to XBP1 splicing. It is wor-
thy of mention that PARP-1 has been previously shown to
promote enhanced activity of the 20S proteasome in response
to oxidative damage, thus contributing to the removal of oxi-
dized nuclear proteins (50, 51). Our results do not exclude the

A B

C D

Fig. 5. AAG-mediated UPR induction plays a role in survival to alkylation.
(A and B) Clonogenic survival for cells treated with MMS (0.5 to 2 mM) for
1 h or temozolomide (TMZ; 10 to 75 μM) for 5 d and incubated in drug-
free media for up to 14 d. shA3 cells were more sensitive than shNS cells
to MMS (A) or TMZ (B). (C and D) MTS survival for cells treated with TMZ
(0.2 μM) for 5 d singly or in combination with salinomycin (SLN; 0.1 μM).
(C) MTS survival for shA3 and shA4 cells compared to wild-type T98G (Ctrl)
and shNS cells. (D) MTS survival for cells overexpressing AAG (GFP-AAG)
compared to cells with low endogenous AAG expression (Ctrl or GFP). The
results are expressed as mean values ± SEM from three independent
experiments and are represented as cell viability relative to nontreated
cells (= 100%) *P < 0.05 **P < 0.01, ****P < 0.0001.
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possibility that PARP-1 could play a similar BER-independent
role in response to alkylated proteins.

Our data indicate that a mutant AAG variant defective in base
excision nevertheless complements some alkylation-responsive
phenotypes as measured in AAG-deficient cells, namely, γH2AX
foci formation and XBP1 splicing. This indicates that alkylation-
induced γH2AX foci formation may occur, at least in part, inde-
pendently of AAG base excision activity, and that the connection
between the UPR and AAG can proceed in the absence of BER
initiation and PARP-1 activation. This is an important consider-
ation because increased AAG levels have been associated with
increased inflammation and increased genetic instability in the
form of increased microsatellite instability (MSI) (52). Moreover,
overexpression of the corresponding human AAG-Y127I/H136L
double mutant led to increased MSI in cultured human K562 cells
(36). Our results showing that a catalytically inactive AAG protein
can still induce γH2AX and the DDR suggest that some of the
effects of AAG may derive from its ability to recognize damaged
bases. Recently, a catalytically inactive mutant of 8-oxoguanine
DNA glycosylase (OGG1) was shown to act as a potent regulator
of gene expression, and substrate binding was required for
OGG1-driven transcriptional activation (53). Similarly, AAG-
mediated recognition of alkylated bases could initiate signaling
that propagates toward XBP1 splicing. One potential scenario
would be a catalytically inactive AAG mutant retaining the ability
to bind the abundant alkylation-induced N7-guanine adducts,
which are neither mutagenic nor toxic but could represent a block
to replication and/or transcription if bound by the catalytically
dead AAG. Alternatively, AAG may have a role in alkylation-
induced UPR that is independent of DNA binding. Our results
indicate that AAG affects cellular responses to alkylation by play-
ing independent roles in BER and UPR induction; AAG’s role in
BER depends on its glycosylase activity and leads to PARP activa-
tion, while the UPR role is independent of its glycosylase activity
and works via XBP1. Whether substrate binding is required for
the activation of the AAG-XBP1 axis and UPR, however, still
remains to be determined.

The biochemical properties of the AAG protein of binding to
and excising damaged bases have important implications for the
dynamics of DNA transactions (e.g., repair, replication, and tran-
scription) in the presence of physiological or supraphysiological
levels of DNA damage. Our results support a model where AAG
exerts its effects through binding damaged DNA and interacting
with other proteins associated with DNA transactions. It has been
reported that wild-type AAG interacts with a number of other
proteins with known roles in transcriptional modulation and/or
ubiquitin-mediated proteolytic pathways, including HR23A,
HR23B, p53, and estrogen receptor alpha (54–56). More recently,
AAG was shown to form a complex with active RNA pol II
through direct binding to the ELP1 subunit of the transcriptional
elongator complex (57). The interaction between AAG and ELP1
could be important for a robust transcriptional response in
alkylation-induced UPR, given that ELP1 deficiency was shown
to disrupt protein homeostasis and induce the UPR (58). AAG is
also reported to interact with MBD1, a methyl-CpG binding
domain protein implicated in transcriptional regulation (59), and
ubiquitin-like with PHD and RING Finger domains 1 and 2
(UHRF1/2) proteins, “hub” proteins involved in epigenetic regu-
lation (60). Therefore, AAG could affect the UPR through its
interaction with proteins important for ER stress response or
transcriptional control in general.

DNA repair and the UPR were previously reported to cooper-
ate in response to cellular stress. In particular, an important sub-
set of XBP1 targets are DNA repair genes (61). ER stress induc-
tion was reported to modulate the expression of BER proteins,
including AAG (62, 63) and APEX1 (64). Furthermore, pharma-
cological ER stress induction potentiated the cytotoxic effects of
temozolomide in glioblastoma cells (62, 63). These results

implicate ER stress/UPR in DNA repair modulation and indicate
that the two pathways cooperate in stress response.

Together, our results demonstrate the DNA repair enzyme
AAG plays a role in alkylation-induced UPR activation. Whether
there is a direct effect of AAG on alkylation-induced UPR or
whether it is due to AAG-mediated DNA damage recognition
remains to be defined, but our data strongly suggest that AAG’s
base excision activity is not required. We anticipate that a detailed
mechanistic dissection of this stress response crosstalk will lead to
a better understanding of cellular outcomes upon alkylation expo-
sure and may shape future advances in the prevention and treat-
ment of cancer and other age-related diseases.

Materials and Methods
Materials. MMS, puromycin, salinomycin, temozolomide, and Dulbecco’s
modified Eagle’s medium low glucose were from Sigma. Cell culture reagents
were from Invitrogen.

Mice. Aag null mice were described previously (24). Details about animal
experiments are described in the SI Appendix. The Massachusetts Institute of
Technology (MIT) Committee for Animal Care approved all ani-
mal procedures.

Microarray Processing and Data Analysis. Messenger RNAwas isolated, ampli-
fied, and hybridized onto Affymetrix GeneChip Mouse Genome 430A 2.0
arrays according to the protocols suggested by Affymetrix. Data were ana-
lyzed using R/Bioconductor as described in the SI Appendix. R scripts are avail-
able at https://github.com/nohturfft/Milano_et_al_2022.

Plasmids. Plasmid pEGFP-hAAG was generated by cloning the XhoI-flanked
AAG cDNA from pCAGGS-hAAG (36), into pEGFP-C3 or into pEGFP-N1 (Clon-
tech, Takara BioUSA, Inc). Plasmid pCAGGS with the mAag-Y147I/H156L double
mutant cDNA was generated by site-directed mutagenesis of the wild-type
cDNA, as previously described (36). Knockdown resistant wild-type and Y127I/
H136L double mutant human AAG cDNAs were generated by site-directed
mutagenesis, using the Q5 Site-Directed Mutagenesis kit (E0554S; New England
BioLabs). Primers used to mutagenize the human AAG cDNA are listed in SI
Appendix, Table S1. The nucleotide sequence of all plasmids was confirmed by
DNA sequencing. Lentiviral shRNA plasmids based on pGIPZ were purchased
fromDharmacon; insert sequences are listed in SI Appendix, Table S2.

Cell Culture. A172 and T98G human glioblastoma cell lines were obtained
from ATCC, were free from mycoplasma contamination, and were always
used from a young stock. Experimental details related to cell culture and cell
line development and complementation are described in the SI Appendix.

AAG Activity Assay. AAG activity assay is described in the SI Appendix.

XBP1 Splicing and Expression Analysis. Quantitative and qualitative PCR
methods and reagents are described in the SI Appendix .

Immunoblotting and PAR and γH2AX Detection. For details on immunoblot-
ting and antibodies, see SI Appendix.

Statistical Analysis. Unless otherwise stated, results are presented as mean ±
SEM, and analyses are results of three or more independent experiments. Sta-
tistical calculations were performed with GraphPad Prism software, ver-
sion 6.0.

Data Availability. Microarray data have been deposited in the Gene Expres-
sion Omnibus (GSE115254). All study data are included in the article and/or
supporting information.
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